Abstract: Standardized methods and measures are ubiquitous in biomedical engineering and a key factor for the successful development and certification of novel biomaterials, implants or other medical devices. Hence, the development of standardized measurement techniques, which can be applied to nearly every material and device is of crucial importance.
Introduction
Standardized measurements of quantities represent the basis for evaluating the properties and performance of any biomaterial or biomedical device. Consequently, the field of applications ranges from characterization of novel materials and testing during implant or medical device development to benchmark testing of commercially available devices possessing new innovative functionalities [1, 2] . Especially with regard to implants containing nanofiber nonwovens, the water permeability represents a quantity which experiences renewed interest. An increasing amount of studies report enhanced cell-to-surface adhesion due to the morphology of nonwovens [3, 4] . In consequence, this effect could lead to improved cell proliferation and thus also to a novel generation of implants. Potential applications could include covering of glaucoma drainage devices [5] , blood vessel engineering [6] or patches for soft tissue wound healing. The water permeability (see Figure 1) could therefore be an essential quantity providing information about the efficiency of such medical devices as well as the ability of cells to migrate into the nonwovens. However, the water permeability itself is not an unambiguously defined quantity. Historically it is defined by Darcy's law and describes the proportionality between the volumetric flow through a medium and the pressure gradient across this medium in the direction of the flow. Accordingly, it resembles a material parameter. For developing medical devices, a material parameter is not always sufficient and a quantity directly describing the functionality is needed. The International Organization for Standardization, in contrast, defines the water permeability in relation to cardiovascular implants (ISO/FDIS 7198) as the volumetric flow through a device normalized to the area of outflow [7] . Thus, the quantity directly provides information about the functionality of a given device. In this work we describe an easy-to-use technique to evaluate the water permeability according to ISO/FDIS 7198. The developed setup contains a sample chamber which can effortlessly be replaced by a plug-and-play process. This feature provides the possibility to apply the technique to a great number of biomaterials and medical devices. An exemplary test measurement was performed using fibrous membranes consisting of poly-L-lactide (PLLA) nonwovens.
Material and methods

Preparation of fibrous membranes by electrospinning
First, a clear and homogenous polymer solution of 3 wt% to 5 wt% was obtained by dissolving PLLA (RESOMER L210, Mw ∼400.000 g/mol, Evonik, Germany) in a solvent mixture of chloroform and 2,2,2-trifluoroethanol (TFE) (1:4 v/v) at 37 °C. For two samples the 3 wt% polymer solution was loaded by 12.5 wt% of Triton X-100 (TX 100) with respect to polymer weight. The process of electrospinning was performed using the 4Spin C4S LAB2 device (Contipro, Dolní Dobrouč, Czech Republic), and a custom-made xyz-spinning device, respectively. The fibrous membranes were manufactured from polymer solution by the use of rotating continual collector as well as a multi-jet capillary emitter with six cannulas for the 4Spin and a single-jet capillary for the custom-made device. All trials were performed at an emittercollector distance of 16 cm to 22 cm whereas the applied voltage and the feed rate were chosen to be 21 kV and 280 µL/min to 300 µL/min, respectively for the 4Spin and 10.5 kV as well as 1.5 mL/h for the xyz-spinning device. The spinning process was performed for about 1 hour using ambient temperature of 22 °C ± 1 °C and humidity of 25 % ± 1 %. Finally, the obtained fibrous nonwovens reach an area of (10 x 37) cm 2 with a layer thickness of 290 µm and 220 µm respectively at minimum for the 4Spin and an area of (4 x 4) cm 2 with a layer thickness of 250 µm in minimum for the custom-made xyz-spinning device.
Electron microscopy
For morphological characterization of the produced nonwoven structures their fiber structure and averaged fiber diameter were evaluated using electron micrographs. In order to reduce charging during electron microscopy, parts of the membranes were extracted and covered by an ultra-thin gold layer using a manual sputter coater (A2008, Agar Scientific Ltd, United Kingdom). A field emission scanning electron microscope (Quanta 250 FEG, FEI Company, USA) was used in the high vacuum mode with an acceleration voltage of 10 kV to record the micrographs. For each nonwoven the fiber diameter was determined by calculating the arithmetic mean of the diameter of 20 nanofibers.
Water permeability setup
To evaluate the water permeability of biomaterials and biomedical devices an appropriate setup was developed. The corresponding circuit diagram is shown in Figure 2 . A hydraulic pump (Corio CD, JULABO GmbH, Germany) generates a constant volumetric flow, using deionized water from a temperature controlled fluid reservoir. In addition, two adjustable flow resistances are put in parallel and in series to the sample chamber, respectively. Thus, the fluidic pressure on the sample is controlled by adjusting the flow resistances. For a precise measurement of the volumetric flow a Doppler sonography flow sensor (Leviflow LFS-008, Levitronix GmbH, Switzerland) is placed straight in front of the sample chamber. Finally, a pressure gauge (86A 3R-000000-005P G, Measurement Specialties Inc., USA) connected to the sample chamber determines the pressure drop across the sample. Note, the setup was designed to exchange the sample chamber in an effortless plug-and-play procedure. Consequently, the test method can easily be applied to custom shaped implants, biomaterials and a variety of biomedical devices, simply by replacing the sample chamber, i.e. the mounting mechanism of the test sample. To measure the volumetric flow through the membranes, circular shaped test samples, possessing a diameter of 28 mm, were extracted from the nanofiber nonwovens and immersed for 10 min in deionized water. Subsequently, the test samples were mounted into the appropriate sample chamber, which features a circular output aperture with a diameter of 15 mm. All measurements were performed using a fluid temperature of 26 °C. To obtain the water permeability according to ISO/FDIS 7198 the measured volumetric flow was normalized to the area of the output aperture.
Results and discussion
Morphology of the nanofiber membranes
Three different nonwovens were manufactured and electron micrographs were obtained to characterize their morphology (see Figure 3) . The nonwoven consisting of PLLA with the addition of TX 100 possesses a thickness of 220 µm at minimum and consists of very thin fibers with an average diameter of (334 ± 128) nm. In contrast the nonwovens without any additives exhibit an enlarged fiber diameter of (672 ± 128) nm and (1,695 ± 287) nm as well as a thickness of 290 µm and 250 µm, respectively. The values are summarized in Table 1 . By comparing the electron micrographs in Figure  3 , the membranes without additives seem to have larger gaps between the nanofibers. As a consequence, they probably provide a larger potential of deformation under exertion of pressure.
Water permeability of nanofiber membranes
The definition of the water permeability according to ISO/FDIS 7198 is not accounting for geometrical parameters of the test samples, such as thickness, deformation under exertion of pressure or morphology. Accordingly, we expect a deviation of the values for investigated test samples. The calculated permeability is shown in Figure 4 for hydraulic pressures ranging from 20 mmHg up to 220 mmHg. Based on ISO/FDIS 7198 the permeability should to be determined at 120 mmHg [7] . Although the membrane containing TX 100 has the smallest fiber diameter combined with rather small inter fiber distances, it still possesses the largest permeability. In contrast, the samples without additives, which contain thick fibers and large gaps in between, show considerably smaller permeability. We assume this effect is related to the morphology of the membranes. The exact values of the permeability are summarized in Table 1 . Furthermore, an emerging nonlinear behavior of the permeability can be observed with increasing pressure for the nonwovens without additives (see Figure 4) . This nonlinearity may be caused by a deformation of the nonwovens like a compression of the membrane or at least a rearrangement of the nanofibers. However, to identify the origin of the nonlinear behavior further investigations are needed. 
